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FIELD VERIFICATION OF RECONSTRUCTED

DAM-BREAK FLOOD, LAUREL RUN, PENNSYLVANIA

By Cheng-lung Chen, and Jeffrey T. Armbruster

ABSTRACT: A one-dimensional dam-break flood routing model is verified by
using observed data on the flash flood resulting from the failure of

Laurel Run Reservoir Dam near Johnstown, Pennsylvania. The model has

been developed on the basis of an explicit scheme of the characteristics
method with specified time intervals. The model combines one of the charac-
teristic equations with the Rankine-Hugoniot shock equations to trace the
corresponding characteristic backward to the known state for solving the
depth and velocity of flow at the wave front. The previous version of

the model has called for a modification of the method of solution to.
overcome the computational difficulty at the narrow breach and at any
geomorphological constraints where channel geémetry changes rapidly.

The large reduction in the computational inaccuracies and oscillations

was achieved by introducing the actual "storage width" in the equation of
continuity and the imaginary "conveyance width" in the equation of motion.
Close agreement between observed and computed peak.stages at several stations
downstream of the dam strongly suégests the validity and applicability of

the model. However, small numerical noise appearing in the computed stage
and discharge hydrographs at the dam site as well as discrepancy of attenuated
peaks in the discharge hydrographs indicate the need for further model

improvement.
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INTRODUCTION

The devastation of a flash flood resulting from a sudden dam
failure often results in the loss of human life and causes extensive
property damage. Some of the most notable dam failures in the past
several years include the Buffalo Creek coal-waste dam near Saunders,
West Virginia; the Teton Dam near Newdale, Idaho; and most recently the
Laurel Run Reservoir Dam near Johnstown, Pennsylvania, and the Kelly
Barnes Lake Dam near Toccoa Falls, Georgia. Occurrence of a series of
the dam failures has increasingly focused our attention on the need for
developing a generally applicable, useful model for routing such flash
floods through downstream areas susceptible to heavy losses so that
potential hazards might be evaluated. A mathematical model has been
developed based on the method of characteristics. To examine the
validity and applicability of the model, the flood wave resulting from
the failure of Laurel Run Reservoir Dam was first reconstructed by using

the model and then compared with data from field surveys.




Laurel Run has a drainage area of 14 sg miles (36 kmz) and
flows ing? t?e Conemaugh River just downstream of Johnstown
(Fig. 1) in souihwe;t Pennsyivania. The basin is he;vily'wooded in
steeply slqping areas and farm;d.in other places. Soil deptﬁ; are
seldom.mo;é ﬁhan a few-feet eveﬁ in tﬁe valleys.

- On July 19 and 20, 1977, a severe rainstorm causéd heavy flooding
in ﬁany areas near Johnstown. The flooding in the valleyvcausediheavy
property damage and ciaimed more than 40 lives. Many homes were seriously
damaged and some were totally destroyea. The flooding of Laurel Run
caused by high runoff was c&mpounded by the failure of Laurel Run Reservoir
Dam. The failure resulted in sudden release of about 450 acre-ft (555,000 m3)
of water. This volume of water does not seem to be large; héwever, when
vie;ed in its physical setting, its effects on the flow rates and s£ages
along Laurel Run valley downstream of the reservoir were significant.

The objective of-this paper is to present some findings and accomplishments

made in the field verification of the reconstructed flood wave resulting
from the failure of Laurel Run Reservoir Dam. The work was done in
cooperation with Bureau of Water Qualiéf Management, Pennsylvania
Department qf Environmental Resources. The formulation, capabilities,
and limitations of the model used .for this study are briefly described
in the following. Also reported are the collection and analysis of
field data used either as input in the model or as bench mark d;ta used
to evaluate computed results. Finally, computed stage and disch;rge

hydrographs at selected stations downstream of the reservoir are plotted

and for verification of the model compared to observed data.
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* DAM-BREAK FLOOD RQUTING MODEL
The mathematical model used for this stﬁdy is a modification of a
one—diménsiﬁnal method—of—characterisfics model, a submodel of the
linked flood routiﬁg‘technique developéd by Chen and Druffei (5). The
major improvement of the p?esent version over the previous one is in the
large ?educfion of inaccuracies and oscillations of computed flow at a
severe or drastic contraction or expansion, such as at a partial dam
breach. This improvement was mostly achieved by designating effective
flow (conveyance) and noneffective flow (storage) areas in a cross
section. One of the top widths, called the "storage width," is used to
compute the storage area; -and the other; called the "conveyance width,'™
is used to compute the conveyance area. While the former is an actual
top width, the latter, which may also be called the computational or

mathematical width (14), is in. fact an imaginary width introduced to

conceptually define the top width of the sector conveying all of the

water in the cross section. Although the concept of using the storage

and conveyance widths in the computation of flow in a river with a large
flood plain has long been recognized by investigators such as Liggett et
al. (12, 13, 14), it is probably the arbitrariness in defining the
conveyance width and hence complexity in the form of the resulting
characteristic equations that have prevented wide use of this concept in

a solution technique based on the method of characteristics. As will be

shown later, the concept has proved to be essential in the one-dimensional

approach for solving a free-surface flow problem with rapid variations
in the cross-sectional area along the channel. The mathematical model
and the corresponding numerical scheme developed on the basis of this

concept are presented below.

e, T L e e o S SN — Py S




Mathematical Model.--The model is designed to have the upstream -

boundary at the head of the reservoi:, the downstream béu;aary at the
end of the study reach, and the failing dam at an interﬁediéte point
(not necessarily a nodé) between the upstream and downstream boundaries.
The dam—breék problem can be formulated as a boundary-value problem

with a moving boundary (i.e., shock or discontinuity) imposed at the
wavefront, as shown by Chen and Druffel (5). The basic.one—dimensional
flow equations applicable to the problem are the shallow-water équations,
often referred to as the Saint-Venant equations, which are comprised -
of the equation of continuity and the equation of motion. Including a
term for tributary flow {(lateral inflow) entering the main channel

perpendicular to the main flow, the flow equations in conservation form

are:
24 , 3(av) _
ot T ax I _ (12
3(av)  3rpavi) ' 3h
ek y = gA{So - sf) - gAE;- _ (2)

which are subject to the following initial and boundary conditions:

at t = O: h (x,0) = h_ (x) (3)
V-(x,0) = Vb (x) (4)
at x = O: A (0,t) V (0,t) =0 (t) (5)
A. V. - A_V
: . 11 2 2
at x = x_ (t): £ = = (6)
s a, - a,
A, h. - A_ h A/2
vV, =V, - (A&, - A4.) g ot 4.z (7)
1 2 1 2’| 2, a, A, - A,




in which t = time; x = distance measured downstream from the upstream

&¢nd (x = 0) of the reservoir; A = cross-sectional area of flow; V =

average velocity of flow over the cross section; q, = lateral inflow

~ . .

discharge per unit length of main channel; B = momentum correction

factor for the veloéity distribution of flow over the cross section;

g = gravitational acceleration; S, = channel slope; S, = friction slope;

h depth of flow; xs = location of the shock (see Fig. 2a); & =

propagation velocity of the shock; Al and A2 = conjugate cross-sectional

areas of flow in back (upstream) and front (downstream) of the shock,
respectively; Vi and V2 = conjugate average velocities of flow in back
and front of the shock, respectively; and Ei and Eé = depths of the

centroids of Aiiand AZ} respectively. The functions ho'(x), Vb (x),
and Qo (t) given in Egs. 3, 4, and 5 are known initial depth, initial -

velocity, and upstream inflow discharge, respectively.
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In the foregoing formulation, for simplicity, the discharge in front of
the shock is assumed to be the same as the upséream inflow discharge ét
the timg of the dam break (t = 0) and henceforth will be“a;noted by Qo,
which may or may not be zero, depending upon whether the s%éék is ﬁropagating
on a d;y or wet bed. éributary inflow discharge, QL, is assumed to be a |

function of unit lateral inflow rate, g . over a length of main-channel

reach, L, as expressed by the integral

QL(t) = qL(x,t) dx (8)

in which L = x_  and g, may be a function of both x and t. If

*o+r1 ¥
there is more than one tributary, such as in the present case, a relation-
ship similar to Eg. 8 for each tributary can be formulated. The discharge
hydrograph, QL (t), for each ﬁributary can be assumed to be either
_equally distributed over L or, if higher accuracy is desired, spatially
varied over L in a predetermined stepwise manner.

The moving boundary conditions, Egs. 6 and 7, prescribed at the
shock front, X0 are often referred to as the Rankine-Hugoniot (shock)

equations in aerodynamics. The location of the shock, X and its

propagation velocity, é, are related by an equation in differential form

dxs(t) .
e T HE =
or in integral. form
t -
x_(t) = x, +f E(t) dt : (10)
o]
in which x_, = location of the dam (i.e., the theoretically assumed

d




*initial location of the shock) and T = integration variable for time,.

t. There are five unknowns in Egs. 6 and 7: é, Al(hl), Az (hz), V1

A -

and Vyr in which hl and h2 are the conjugate depths of the shock. To -

solve Egs. 6 and 7 for five unknowns requires a special treatment which
will be discussed later. ’

The iniéial depth, ho (x), and the initial velocity, Vo (x) in the
reservoir are the solutions of the gradually varied steady flow equation
for the assumed initial flow rafe, Qo, and any tributary flow discharge
at t = 0, QL. Such gradually varied steady flow eguation containing Qo
and QL can readily be formulated by combining Egs. 1 and 2 or found
elsewhere, see Chow (6).

Two unknowns in the system of Egqs. 1 - 7, remaining to be determined
aré the momentum correction factor, B, and the friction slope, Sf. It
is generally found that the value of-B for fairly sﬁraight prismatic -
channels varies approximately from 1.01 to 1.12. 1In channels of complex
cross section, however, B can easiiy be as large as 1.2 and may vary
quite rapidly from section to section in the case of irregular alignment,

especially in the vicinity of obstructions, such as near a breached dam.

The accurate determination of B would have required data of the actual

velocity distribution over each cross section at various stages; unfortunately,

these data were not available. 'For all practical purposes, it was -
assumed that B = 1, thereby delineating the corresponding conveyance

width along the channel. The latter will be discussed later.




The magnitude of Sf was determined from the Darcy-Weisbach eguation:

2
o o L

oo £ 8g - (11)

”l“

in which f = Darcy—Weisbach.friction coefficient and R = hydraulic radius.
Because tﬁe value of tﬁe Manning friction qoefficient, n, at éach_cross
section was used as input data in the model, a conversion formula

between the Manning n and the Darcy-Weisbach f was required. The
conversion formula adopted was tﬁe one derived based on the relation
between Manning's formula in the form of the inch-pound system of units
and the K&rmé&n-Prandtl logarithmic eguation for turbuleﬁt flow on

the rough surface (4):

7 n
= ® 12

in which k = equivalent roughness size of a stream bed under consideration.
Given n,.Eq. 12 yields the corresponding k value. When k was substituted
into the X&rmé&n-Prandtl equation, the Darcy-Weisbach f was evaluated in
terms of the hydraulic radius, R. The errors in the conversion between

n and f via Eg. 12 can be shown to be within 1% for the relative

- roughness, R/k, ranging from 10 to 100 and within 15% for R/k ranging

from 2 to 1000.



In principle, the mathematical model, Egs. 1 - 7, describes a sudden

breach, as well as a gradual (time-varying) breach of the dam. The difference

between them can only be described by the difference in the expression of
channel geometry at the breach. For the sudden breach, all the geometric

elements at the breach are time independent; for the gradual breach,

they are all predetermined as functions of time and used as input data. For

lack of data on such geometry change with time, it is simply assumed that the = .-

Laurel Run Reservoir Dam failed instantly.

Modification of the Model.--The cross-sectional area, A, of flow changes

répidiy.at the narrow dam breach or any geomorphological constraints in
natura1 valleys. The basic equations (Egs.- 1 and 2) for flow at such rapid
contractions and expansions cannot readily be solved unless they are arranged
into more manageable forms based on the concept that the water body at such
rapid changes in A can be divided into the storage component and the
conveyance component. This concept is analogous to overbank storage on streams
with large flood plains and conveyance in the main channel. With the

adoption of this concept, it has been assumed that there is no flow in the
downstream direction in the storage component and that the momentum correction
factor, B, in the conveyance component is always unity. It appears however,
that the delineatioﬁ of the conveyance component is rather afbitrary, because
for any given velocity distribution over a cross section, the corresponding
average velocity can be found from an arbitrarily chosen cross-sectional area
of the conveyance component. Therefore, the judicious delineation of the
conveyance component must be made in the context of the flow line at a
specific location. Poor judgment on the selection of the conveyance

width would cause the computed energy line and (or) discharge distribution to
be unreasonably low or high near that location.

9




. Using the preceding concept, Egs. 1 and 2 can be arranged into _

the following advection forms.

. .

3h T an.a ov I v h - -
— + e o —_— — = = L —— . .
- ot - v T ox + T ox T T Ax ‘13{
S s s s
V., 3V . 3h _ '
st ® ox g 5;.— g(So - sf) 4

in which Ts = storage width (i.e., top width of the entire cross section);
T_= conveyance width (i;e., top-width of the main channel); and Ai = rate of
change of the cross-sectional area, A, in the conveyance component with
respect to x, with'h held constant. Note that A: represents the departure
of A from prismatic form. Before Egs. 1 and 2 were arranged into the form
of Egs. 13 and 14, the magnitude of AZ would have ranged from zero for flow
in"a prismatic channel to infinity for flow at a sudden contraction or
expansion. This is the term that in previous models often caused an
immediate failure or numerical instability in.the computation of flow at a
rapid contraction or expansion. Eguations 13 and 14 along with the method

of characteristics form the base of the modified model.

10




Numerical Scheme.--Equations 13 and 14, after being transformed

>

into their characteristic forms, can be writtén as the following two

pairs of total differential equations. Along the forward’YC+) characteristic:

N

R,

1. y e
£=§-(1+a)v+lJ(l—a)2V2+4guD (15)

[-;l-oo/ B ) o
(,[_() j[ )] e
Lresnfesdslspe o

and along the backward (C ) characteristic:

’

2 . == (1+a) V- —\jﬂl - a) V2 + 4gaD (17)

dt 2
_ 2_ —T ;
_l.l-u 1-GK + 9 |dh  dv
2 D oD | dt * dt
2 q
l -a v _ l l-a 4 g |a ~.
g(s, 'S)+[ ( ) 2( a )D]+0DJ
1/1 -a\V 1/1 - a\ v ]2 gr v _h
'5( o )5' [’5(——u )3 *a‘s:l“EAx Lt

hydraulic depth of flow, defined as A/T.

-

in which a = T/Ts and D
Equations 15-18 are valid for 0 < a < 1. If a =1, the equations reduce
to the case of no offstream sforage. In the derivation of Egs. 15-18, it
has been tacitly assumed that the value of a is always constant along a
reach under study. The equations, however, may be valid for small and

gradual changes of o in x and t.

11



Despite some complexity in the forms of Egs. 15-18, the critical
flow condition can readily be shown to be exactly the same as that for

the case of no offstream storage. If the critical flow condition is

. .

defined as one at which the C -characteristic is perpendicu}gr to the

x-axis, then letting the right-hand side of Eq. 17 equal to zero yields

¥ =L=1 (19)
C

in which IF = Froude number and c¢ = celerity, defined as /E—.

There are a number of numerical methods for solving the characteristic
equations (Egs. 16 and 18). The one selected is a linear explicit scheme
based on a specified-time-interval grid, i.e., Hartree's scheme (10).

Linear -finite-difference equations formulated from Egs. 15-18 are

respectively:

X, =X, = (Vi + akz DL) At (20)
VP+AZhP=VL+A;hL+FZ§t (21)
¥ =X, - (Vk + uk; DR) At (22)
VP+A;hP=VR+X;bR+F; At (23)

in which At = time increment and the subscripts L, P, and R indicate

respectively the corresponding points in Fig. 3 to which each quantity

. P - .
is referred. The notations A , A , F, and F are defined as follows:

>‘+ _ }_(l - a) v +Jr£(1 - u) K“ 2 . g (20)
2 a D 2 a D aD
1 /1 ' - ]2
A =__-( ““)K_ l(l;‘i)! + 2 (25)
2 a D 2 a D aD
L e
F =g(s -5 + L A+Zéh (26)
g o £ = g = T x
F o=g(5 — 850 +ak 55 - o)k L2 (27)
g(s_ -~ 5, ax L a T2

T
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Note that the coordinates of point P in the x, t-plane, (xi, tj+1)' are known,
but the coordinates of points L and R are unknown. To solve'Eqs. 21 and 23
éimultaneously for VP and hp requires estimating the values of VL andLhL in
Eqg. .21 ‘and Vk and hR in Eq. 23. These values are unknown but can be computed

by linear or nonlinear interpolation from the known values of V and h at grid

ints x. x., and x.
po i-1" “if 3

1

41 2t the previous time step tj. For simplicity, a

linear iﬁterpola%ion formula was incorpofated to determine XL; VL and hL erm
Eg. 20 and Xpr VR' and hR from Egq. 22. Because these unknowns are implicit in
the intérpolation formula as well as in Egs. 20 and 22, the Newton-Raphson

or Secant Method given by Moursund and Duris (15) was used to determine these
values. Note'fhat linear interpolation of xL, VL, and hL is the same both for
subcritical ana supercritical flow, but the correct pairs of two adjacent grid
points must be chosen to interpolate the values of Xpr VR' and hR for each
case of subcritical and supercritical flow as shown in Fig. 3. A choice

caé be made between the left and right pair, depending upon whether the Froude
numbef computed at grid point (xi, ti) is greater than or less than unity.

The upstream boundary condition, Eg. 5, is a function of the dependent
variables, h (0,t) and Vv (0,t), having been assigned a value, Qo (t), which
may or may not change with time. 1In the present case,VQo (t) is the given
discharge hydrograph at the upstream end (x = 0) of Laurel Run Reservoir.
Because the state of flow at x = 0 may vary from supercritical to subcritical
and vice versa, depending upon the time-varying Qo (t) (provided that the
channel slope, roughness, and geometry are already given), the usual treatment
of solving Eg. 5 with one of the characteristic equations emanating from
the boundary point is not suitablg for supercritical flow (Fig. 3b). Another
numerical scheme, using the continuity egquation, Eé. 1, was thus formulated

for a net consisting of grid points (xl, tj), (x2, tj), (xl, t. .), and

F+1
(x2, tj+1) and then applied to both supercritical and subcritical flow, see

Chen (3). Use of the latter scheme requires that V and h at grid point

e detex"l -
13




Shock Front Computation.--The moving boundary conditions, Egs. 6

and 7, imposed at the shock front (xs) are actually those for one of tﬁe
two cases classified by Stoker (18). - With reference to Fi;. 2b, the
dam-break shock wave is é typical example of the case in which é >‘Vi

> Vé and A1 > AZ. At ghe point of the discontinuity (x ; xs), because
the inequalities |

v, - & < e, (28)
v, - £] > c, (29)

exist, it can'feadily be proved that

+ £ - . - (30) —
v, cl>£>V2+c2>V2 c, (30)
in which‘cl and c, = conjugate celerities in back and front of the shock, —

respectively. This inequality (Egqg. 30) mathematically states that there-—

+

2 in front of, but only one character-

are two characteristics, C_. and C;,
o < p . .
istic, Cl, in back of the shock. Solving two characteristic difference

equations (Egs:7 21 and 23) in front of the shéck’immediately gives the
values of V2 and h2 (or c2). Values -of Vé.ag@ h2 are then_ substituted ._
into the shock equations (Egs. 6 and 7). These two equations, along with-
CI—characteristic difference equation (Eg!. 21) in back of the shock are'

solved simultaneously for é, V., and h

= T
1 1 {or cl) Because the latter

unknowns are also implicit in Egs. 6, 7, and 21, the Newton-Raphson or
Secant Method was again used for solutions. The value of é is used to
locate the new shock front, X s by means of a finite-difference form of

Eqg. 9.

14



S W

. The shock front computation proceeds until the downstream end,

X in fig. 3, of the subject reach is reached. Upon its arriyal'to

X the shock front disappears and the flood wave covers fﬁ; entire
reach. fhe computations are now switched to the use of thé'conventional
boundary condition, namely, specifying either one of the dependgnt
variables, or a relation of both dependent variables (i.e., a rating
curve). Although the bed elevation of the Conemaugh River is lower than
that of the Laurel Run at their junction, it is not known whether |
backwater formed in Laurel Run during the passage of the dam-break flood
waver For lack of such data, the downstream boundary condition of Laurel
Run was assumed to be an overfall or critical condition_ (Eg. 19). Any
effect of the critical flow assumption at x on the computed values of
the-flow depth and velocity at all grid points upstream of X is believed
to be insignificant because this assumption has never been used before
the_ shock front reaches xn. Furthermore, even after the shock passed

X the assumption of Egqg. 19 has not come into-play as long as the flow
at xn is supercritical. With the downstream boundary condition, the
C+—characteristic difference equation (Eg. 21) is solved for V or h

(or both V and h when using Eq. 19) at boundary point P for subcritical
flow (Fig. 3a). No boundary conditions are necessary at P for supercritical
flow because both V and h at P are computed by simply considering P

as an interior point (Fig. 3b).

15
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. Evaluation of a and Ag.——Before Egs. 21 and 23 can be solved, the

values of « and-Ai must be estimated. After delineating the conveyakée
component for the entire flow region-along the valley, tﬁé’conveyance
width, T, was determined at selected locations. Since Ts Qés determined
froh geometry aata, th; value of a was then computed from the dgfinition,
a = T/Ts.

‘To estimate the value of Ai required an additional assumption; that
is

A =oaa_ (331)

iﬁ which'Aé = the total cross-sectional area including the storage-—-

component and the conveyance component. By combining Eq. 31 with the

definition of a, it can be shown that

Ah=a(Ah—DTh)+DTh (32)
X SX S SX s X .

in which Asi = rate of change of the total cross-sectional area, As,
with respect to x, with h held constant; DS =',AS/TS = total hydraulic
depth of flow; and Tsi an@ Tﬁ = rates of change of the storage width and
the conveyance width, respectively, with respect to x, with h held
constént.

The solutions of Egs. 21 and 23 with a and Ai evaluated by using the
above procedure proved to be stable. They were, however, less accurate
from the viewpoint of the simplification involved, in regions of raéid

variations in flow, where @ < 1. Therefore, Eg. 32 was used only when the

solution would have been unstable or oscillatory without it.
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Selection of Distance and Time Increments.--The selection of the grid

size, Ax, depends on the extent of the reservoir and the length of the
channel reach. To select an excessively small Ax naturally results in
a large number of grid points and thus an undesirably large amount of
computér time. On the other hand, the selection of a large Ax may nof.
provide the desired accuracy in thé results. Engineering judgment in
the selection of Ax is required. Results from a few preliminary computer
experiments have indicated that the computation of the Laurel Run dam-break
flood wave can best be performed by selecting Ax equal to 100 ft (30.5 m).
The time increment, At, may be selected on the basis of the Courant-
Lewy-Friedrichs stability criterion (or simply called the Courant condition)
if the Manning n is relatively small. For a large value of the Manning n, as
la;ge as 0.06 estimated in the Laurel Run, however, the Courant condition
should be modified to include the effect of the Manning n. An alternate
form of the modified Courant condition developed by Perkins (16) and later
adoéted by Garrison et al. of the Tennessee Valley Authority (9) and U.S.

Army Corps of Engineers (19) is

At < Ax (33)

— 2
el # o o EIElIEE,

2.21 R4/3

The selected At satisfying Eq. 33 may not necessarily guarantee that

the scheme adopted is stable because true, continuous characteristics

(Egs. 15 and 17) are curved and slope more steeply than the linearized
finite-difference characteristics (Egs. 20 and 22). 1In view of the dif-
ficulty in taking the additional unknown effect of the Ai term into con-
sideration for the selection of At, the §ma11e§t of thercurrent At's
determined from Eg. 33 at all grid points, multiplied by a factor less than
unity (arbitrary, but chosen by trial and error) was used at each time step.
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¥ Computer Program and its Limitations.--All variables in the computer

program were coded in dimensionless forms. The'computer model so formulated
would thus work in the computation of any shock wave in anyrprismatic or
nonprismatic channel of asymmetric trépezoidal cross section if data on
channel geometry are given. Thevrequired relationships for the geometric
elements are the mathematical expressions of the cross—secfional'area:

A, hyéraulic radius, R, hydraulic depth, D, top width, T, and depth of

the centroid of the ¢ross-sectional area, h, in terms of the flow deﬁtﬁ,

h and vice versa. It should be noted that all the relationships of the
geometric elements must be single-valued functions in order for the
solutions to be unique. Presently, the shape of the channel cross section
in the model is approximated by an asymmetric trapezoid; however, this
approximation becomes unrealistic in the case of describing very complicated
irregular sections of a natural river such as a flood plain. This
restriction on channel geometry did not constitute a problem in the

Laurel Run because most cross-sectional shapeé could be approximated by

asymmetric trapezoids.
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Except for the approximations of channel geometry as described above,
there are no restrictions on the height of a dﬁm, the extent of a resérvoir,
or the length of a channel reach so far as the capability of the present
model is concerned. Furthermore, the model contains almost no limitations
in the shock wave compﬁtation, regardless of the size and magpitude of the
shock or whether it is propagating under a subcritical, supercritical, or
mixed flow condition, with or without an initial flow, or in é prismatic or
nonprismatic channel. In addition to a cross-sectional shape restriéﬁion
mentionedrabove, an&ther disadvantage of the model lies in the fact that_
the time step used in the model is too small to be practical in many problems
because it is subject to the modified Courant condition,-Eq.~33. It was
justified, however, in the present case because.the time which elapsed after
thg dam break for the shock front to pass the downstream end of Laurel Run
was only 10 minutes and for the flood wave to recede to the initéal flow was
probably 20 to 30 minutes.

A few comments concerning the generality of this computer -model are-
worth mentioning. In the development of a more general model, -Chen :(3) ----
further took into consideration the additional effects of rainfall;- infil-
tration, and depression storage on the flood wave movement. In the present
formulation, however, time- and space-varying rainstorm, seepage outflow,
and initial abstraction were all assumed to be zero. Any structures on the
flood plain were assumed to fail instantly and the resulting energy loss

was considered negligible. The channel bed and side walls were assumed to

" be rigid and no degradation from the extreme flood event was allowed.
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FIELD Y)ATA COLLECTION AND ANALYSIS

Laurel Run Reservoir had a surface area of about 21 acres (84,990 m2)
and a storagé capacity of about 300 acre-ft (369,900 m3)A;; the spillway
crest. The dam was an earthen structure constructed by the hydraulic—fill
methodt Its crest has an average elevation of about 1436.5 ft (437.84 m)
above mean sea level, about 44 ft (13.4 m) above the channel bed. The
dam wés about 625 ft (190.5 m) long, 20 ft (6.1 m) wide at the crest, and
225 ft (68.6 m) wide at its base. The dam crest was about 6.5 ft (2.0 m)-
higher than the spillway crest. Figure 4 is a cross section of the ___

dam, looking downstream, after failure.

Channel -Geometry and Roughness.--The cthannel geometry of the Laurel

Run valley and flood plain varies considerably between the reservoir and
its mouth at the Conemaugh River. The total length of the valley including
the reservoir to the mouth is 15,700 ft (4,790 m) or about 3 miles (4.8
km) ... The east side of the valley is generally steeply sloping. ..The _._
west side varies from a wide and relatively fiat flood plain to steeply
sloping rock outcrops. The channel is steep in some areas and relatively
flat in others. The average channel slope from the reservoir to the
mouth is about 2% or nearly 110 ft per mile (20 m/km).

The physical system being modeled can be described by the channel
geometry and bed elevation of the reservoir and the valley below the
reservoir. The model requires data on the geometry and bed elevation of
a cross section at each computation grid point, in this analysis every
100 ft (30.5 m). Because it would not be feasible to survey so many
cross sections, the model automatically interpolates between input cross

sections. To have the interpolation scheme compute the geometric elements
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Figure 4.--Cross section of Laurel Run Reservoir Dam breach.
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of a cross section that closely resembles the actual field conditions,
the cross sections were surveyed at the end points of near linear chaﬁges
in the valley. Field reconnaissance and aerial photogrﬁp;s taken on the
morning of July 21, 1977, were used to select th; sites fdr.detailéd
cross-section surveys;‘ The selected cross sections weré at the upstream
end of the reservoir, in the reservoir itself, and in the valley downstream.
In all, two cross sections wére surveyed in the reservoir, one was run
at the brgach opening, and 13 surveyed at points along the stream channel.
Onﬁe sugveyed, these cross sections were approximated as asymmetric
trapezoids.

Another input to the model was channel roughness, expressed in
terms of the Manning n. Values were chosen in the field as a measure of
the average roughness for the entire cross section. Values of n ranged
from 0.028 to 0.060 and averaged about 0.045.

Input data on the geometry, bed elevation, and Manning n for each
of the 16 schematized, asymmetric, trapezoidai channel sections of
Laurel Run are listed in Table 1.: Also included in the table are the
bed slopes between two adjacent sections. The bed slope was computed

from the corresponding section locations and bed elevations.

Estimated Peak Discharges.--Indirect determinations of peak discharge

were made using U.S. Geological Survey procedures documented by Dalrymple

and Benson (8) at four sites in the Laurel Run basin. Drainage areas at

the four sites given by Brua (2) are 7.56 sqg miles (19.58 kn?), 11.0 sg miles
(28.49 km2), 2.00 sg miles (5.18 km2), and 1.97 sqg miles (5.10 kmz), respectively.
Two were made on the main channel of Laurel Run. The peak discharge at

the upstream edge of the reservoir was determiﬁed to be 10,500 cfs (297

m3/s)- The second indirect determination was made about 1 mile (1.61

km) downstream of the reservoir and was 37,000 cfs (1,048 m3/s). The
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. peak discharges determined near the mouths of Red Run and Wildcat Run
were 4,000 cfs (113 m3/s) and 2,440 cfs (69 m3/s), respectively. The
peak diéchérges occurred at about 2:00 a.m. in Red Run and at about 4:00 a.m.
in Wildcét Run. | X |

Reservoir Inflow and Tributary Hydrograph Simulation.--To. be used

as input data in the model (Egs. 1-7), flood hydrographs (Eq. 8) describing
the tributary inflows of Wildcat Run and Red Run and the inflow of
Laurel Run to the reservoir were reconstructed. Because there were no
gaged gtreamflow data available on any of these streams, the hydrographs
had to be simulé#ed.“ The procedure used.to simulate the hydrographs was
the Index or Dimensionless Hydrograph Method developed by the U.S.™
Department of Agriculture Soil Conservation Service (20). This technique
requires the rainfall distribution for the storm and the runoff characteristics
of the basin. Runoff characteristics, which include the time of concen-
tration of storm runoff, runoff curve number, and time to peak, are
based on basin slope, land cover, and soil characteristics and are
measured from topographic- and soil maps..

Rainfall data from a recording rain gage in downtown Johnstown
provided key information for the feconstruction of the flood in the
Wildcat Run basin. Although the total rainfall in Johnstown was less
than that measured in a nonrecording rain gage in the Wildcat Run basin,.
the beginning and end times of the storm were nearly identical at the
two sites. The time distribution of the réin, therefore, was assumed to
be the same. Rainfall for each time increment was adjusted based on the
rain measured in the Wildcat Run basin. The peak discharge computed by

the Index Hydrograph procedure was about 10% lower than the indirect
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»measurement. The simulated hydrograph peak was therefore adjusted
upward to conform to the indirect measurement of peak discharge of 2,440
cfs (69‘m3/é).

Simiiar procedures were used to simulate the flood hjdr0graph for
Red Run. Rainfall was based on data measured in a nonrecogding rain -
gage near Laurel kun Reservoir Dam. Time distribution adjustments were
made to the rainfall data based on eyewitness reports of the time of 
peak of Red Run. The peak discharge of the simulated Red Run hydrograph
was adjusted slightly to conform with the indirect measurement of peak
discharge of 4,000 cfs (113 m3/s).

The rainfall volume and time distribution used to estimate the
inflow hydrograph to Laurel Run Reservoir were nearly identical to those
used in the Red Run analysis. A field reconnaissance of the upstream
parts of the basin, along with a rainfall “"bucket survey," indicated
that rainfall was nearly uniform, between 11 in. (279 mm) and 12 in.
(305 mm), over the entire 8-sg mile (20.7—km2) area draining into the
Laurel Run Reservoir. Another hydrograph was simulated for the streams
draining directly into the reservoir and added to the inflow hydrograph.

Analysis of Prefailure Reservoir Conditions.--The reconstructed

reservoir inflow hydrograph was used by Armbruster (1) in an analysis to
estimate the water-surface elevation in the reservoir at the time of
failure. This was another input to the model (Egs. 1-7). His analysis
of reservoir contents prior to the breaching was essentially an inflow-
outflow-storage change accounting. A modified Puls reservoir-routing
model, Dalrymple (7), was used for this purpose. Modified Puls réuting
is well suited to conditions where outflow from a reservoir is a function
of, among other things, water level. The inflow data were the inflow

flood hydrographs and rainfall directly onto the reservoir's surface.
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Outflow data were more complex problems. The spill@ay is a "morning
glory" type and the original reservoir design plans did not have a
spillway fatiqg curve. Therefore, it was necessary toAd;velop such a
rating."Effgctive peak capacity computed for this analysis corresponds
closely with several references in the spillway design plans of a 3,500
cfs (98 m3/s) maximum. For water levels ébove the earthen dam érest,
the.?eservoir outflow rating was extended on the basis of computations
of flow over a broad-crested weir, as explained by Hulsing (11) and
Shearmantil7); - Relations of water levelto reservoir surface area and ~—
reservoir contents were available from the original plans.

The approximate water level in the reservoir, used as the initial
condition in the reservoir-routing model, was assumed-to be the last
reading made by the dam tender several hours before the rainfall began.
Initial routings resulted in an outflow rating which caused reservoir
levels to exceed the maximum levels determined from high-water marks.
Examination of the breach cross section revéaled that a section of the
dam at the breach site may have gradually eroded to a depth of 4 ft
(1.22 m) prior to the final failure. This assumption was built into the
reservoir-routing model, and the outflow rating was modified to reflect
the additional flow. Subsequent analyses indicated that these assumptions
produced reservoir levels similar to those observed in the field.

Time of dam failure was estimated to be about 2:35 a.m. on July 20,
1977, based on eyewitness reports of the flooding downstream and results
of the reservoir routing. The water-surface elevation computed for this
time, 1,437.2 ft (438.059 m) above mean sea level, was then used as the
initial condition for the dam-break flood routing model. The volume of
water in the reservoir at the time of failure was estimated by Armbruster (1)
to be about 450 acre-£ft (555,000 m3), or about 150% of the capacity at

spillway-crest elevation.
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vRESULTS AND DISCUSSIONS

The computer model, using input data describing the geometry ané'
physicaf properties of Laurel Run (see Table 1) along witﬁ—otﬁer parameters
such as tﬁe selected values of Ax and o, was executed on a UNIVAC 1108}/
computer. Computer output from the model includes the fiow depth, waﬁer—:
surface elevation (i.e., bed elevation plus depth), velocity, and discharge
at éach grid point and the shock front (xs) at successive time steps’
subsequent to the dém failure. 1In the case of output at the shock frbnt,
because of the discontinuity, the output is éxpressed in dual values;, 6ne
in back-and the other in front of the shock. . These output data completely
describe in a one-dimensional-sense the physical aspect of the flood
waves. - ‘Also included in the computer output are the corresponding Froude
number, Reynolds number, Darcy-Weisbach friction coefficient, and friction
slope. These output data yield invaluable information on the flow character-
istics with which the waves move. Because the present paper is primarily
concerned with the field verification of the reconstructed dam-break flood
wave, only the former set of output is presented here in the form of stage
profiles, stage hydrographs, and discharge hydrographs. Although stage
profiles and stage hydrographs are simply alternative graphical represen-

tations of the flow stage plotted against x and t, respectively, both are

presented for complete demonstration of the model results.

1 : . ; c < o 3
—/The use of brand names in this paper is for identification purposes

only and does not imply endorsement by the U.S. Geological Survey.
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TABLE 1l.--Geometry, Bed Elevation and Slope, and Manning n of the 16 Schematized,
Asymmetric, Trapezoidal Channel Sections of Laurel Run.

Bed

-~

Left side Right side

Section Bed Bed Manning n
location, in elevation, in slope width, in slope slope
feet (meters) feet (meters) d feet (meters) H/V H/V
(1) (2) ! (3) (4) (5) (6) (7)
0 1,410.0- 0.000774 64 2.286 1.143 0.060
(0) . (429.77) ’ (19.5)
1,680 1,408.7 0.000774 325 3.035 5.591 0.030
(512) (429.37) (99.1)
2,080 1,402.0 0.0168 417 1.447 4.895 0.030
(634) (427.33) ' (127.1)
2,300 1,392.5 0.0432 32 1.305 2.547 0.028
(701) (424.43) (9.8) :
2,520 1,392.4 0.000455 368 3.910 4.744 0.040
(768) (424.40) (112.2)
3,400 1;376.2 0.0184 115 1.392 2.532 0.040
(1,036) (419.47) (35.1)
5,797 1;339.8 0.0152 92 1.268 33.451 0.050
(1,766) (408.37) (28.0)
6,700 1,315.4 0.0270 28 8.155 1.408 0.045
(2,042) (400.93) (8.5)
7,000 1,306.3 0.0303 35 . 2.101 1.518 0.040
(2,134) (398.16) (10.7)
7,685 1,294.2 0.0161 83 0.640 6.697 0.045
(2,342) (394.47) (25..3)
9,070 1,263.8 0.0220 65 20.070 11.268 0.045
(2,765) (385.21) (19.8) '
10,700 1,232.4 0.0193 46 1.337 3.605 0.040
(3,261) (375.64) (14.0)
11,395 1,224.0 0.0121 59 2.125 4.813 0.045
(3,749) (373.08) (18.0)
12,300 1,207:2 0.0186 59 1.351 4,527 0.040
(3,749) (367.95) (18.0) -
14,330 1,162.6 0.0220 68 24.552 0.672 0.048
(4,368) (354.36) (20.7)
15,700 1,147.0 0.00409 75 5.000 5.000 0.048
(4,785) (349.61) (22.9)
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Stage Profiles.--Shown in Fig. 5 are eight stage profiles computed at
0, 0.25, 0.5, 1, 2, 4, 8, and 16 minutes aftér the dam failure. If suf-
ficient stage profiles were plotted, the peak elevation préfile could
be drawn as a line connecting the peak elevation points of the stage
hydrographs alohg the é;annel. An inspection of Fig. 5 feveal; that the
envelope of the peak elevation‘points plotted for the eight stage profiles
covers the major :part of the reconstructed peak elevation profile along’
the Laurel Run except for a short reach immediately downstream of thé aam.
The segment not cove¥ed by the preceding envelope is at a place where a
rapid change in flow took place within less than 5 seconds after the
failure. During such an extremely short period of time, although the
reconstructed water-surface elevation at the dam_dropped nearly 20 ft
(6.1 m), the gradually §arying depression (negative) wave was still
moving upstream. After the depression wave reached the upstream end,
the reconstructed water-surface elevation in the reservoir dropped as a
whole almost uniformly by a constant value with time.

In a recent study, Brua (2) also presents an observed peak elevation
profile for the flood in the Laurel Run; however, complete comparison of
both cannot be made because the two sets of stationing cannot be accurately
related. Stationing used in the present study is the distance.between the
centers of the approximated asymmetric trapezoidal.crosé sections and are

generally smaller than distances used by Brua.
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Figure 5.--Computed stage profiles of flood waves in Laurel Run at
various times after dam break.
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From the computer output or the stage profiles (Fig. 5) the travgltime
of the leading edge of the flash flood can be determined:~FDespite a féw
geomorp%olégical constraints in Laurel Run where the channe; first contracts
and then expands, it was found that the shock moved almosé constantly with
the average propagation velocity, é, of 23.6 ft/s (7.2 m/s). The time for
the lgading édge to arrive at the downstream end of Laurel Run was computed
to be 9 minutes 26 seconds, whereas the time for the peak to pass the same
end point-was 12 minutes 54 seconds. Thus, only 3 minutes 28 seconds
elapsed between the leading edge of the flood and peak at the downstream
end. The rising time of the flood to the peak, of course, increases

gradually from zero at-the dam-site to -3 minutes 28 seconds at the down-

stream end._

Stage Hydrographs.--Shown in Fig. 6 are 10 stage hydrographs computed at
x = 2300 (701), 3400 (1036), -5800.(1768), 7100 (2164), 7200 (2195),'
9000 (2743), 11400 (3475), 14300 (4359), and 14400 ft (43839 m) (labeled
respectively'as stations 2300, -3400, etc.).. The initial plotting point
on each stagewhydrograpﬁ represents the time and stage at which the leading -
edge of the flood arrives at the given location (station). The stage at
the dam (station 2300) dropped gquite rapidly after the dam break but then
remained nearly constant with slight fluctuations for a brief period
before it started to drop again, this time receding more slowly than the
stage hydrographs at the other stations. The computed stage hydrograph
at the breach resembles a stage hydrograph at a dam site as observed by
U.S. Army Engineer Waterways Experiment Station (21) for a sudden partial

breach in a laboratory flume with rough bed.
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Theoretically the farther the dam—break flood wave propagates
downstream, the more the flood attenuates. ~ﬁowever, the attenuation:of
a flood in a nonprismatic channel cannot be simply measu;;d by £he
decreasing amgunt of the stage difference between the initial stage and
the peak stage along éhe channel. 1In other words, in nonprismatic
channels, downstream depths of the dam-break flood wave can be greater
than.upstream_depths because of a smaller (or more contracted) crosé'
section at a downstream point than gt an upstream point. For examble,
the peak depth minus the initial depth, with reference to Fig. 5, is
about 7 ft (2.1 m) at station 5800 and about 14 ft (4.3 m) at station ..
7100. In a prismatic channel,- on-the contrary, if the initial depth and
all other conditions were the same, the peak depth at station 7100 would-
be less than the peak depth at station 5800. Therefore, the attenuation
of a dam-break flood wave in a nonprismatic channel is not necessarily
discernible from the stage hydrographs unless one also measures the
gradual increase in the rising time of fhe fiood from the-initial to the
peak stage as it propagates_downstreép. Attenuation would be more tlear
by analyzing discharge hydrographs.

To verify the modél, observed peak stages at selected points
downstream of the dam are plotted in small circles on the computed stage
hydrographs at the corresponding stations near the selected points.
Although the time of observed peak étages are not known, they are
plotted as close as possible to the computed peak times for the purpose
of comparison. Among those compared, the computed stages are generally
in close agreement with observed stages except at stations 3400 and
11400, where the computed stages overestimate observed stages by about

3 ft (0.9 m). Considering so many approximations, simplifications, and
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assumptions involved in developing the model, this discrepancy in
observed and computed stages at the two out of six stations is tolerable

from the yviewpoint of engineering applications.

Discharge Hydrographs.--Computed discharge hydrographs for seven

r

sites a? and downstre;m of the dam are shown in Fig. 7. In contrast to
the stage hydrographs, the discﬁarge hydrographs are geﬁeraliy less
sensitive to the Qariation of channel geometry and tend to show a gradually
decreasing peak discharge along the Laurel Run except in the vicinity of
the b;éach. .For‘eQample, the peak discharge at the dam site (station
2300) ‘is about 105,000 cfs (2,974 m3/s). At station 3400, only 1,100 ft
(335 m) downstream of the dam, the peak discharge has fallen to about
57,000 cfs (1,614 m3/s)., Station 7100 has an estimated peak discharge
05_45,000 cfs (1,274 m3/s) and so forth. In addition to attenugted
peaks, the discharge hydrographs have slower rising limbs and longer,
slower falling limbs, the férther downstream the flood wave moves. This
signifies that the flood wave takés longer to reach‘its peak and longer
to recede to ambient conditions as it moves férther downstream. This is
always the case in flood waves. The area under each of these discharge
hydroéraphs, however, is approximately equal, indicating that water mass
is being conserved. Differences are attributed to tributary inflows and
modeling errors.

It is noted that the computed peak discharge of about 45,000 cfs
(1,270 m3/s) at station 7100 is 8,000 cfs (227 m3/s) higher than the
37,000 cfs (1,050 m3/s) determined from the indirect method. The difference
amqunts to 22% of 37,000 cfs (1,050 m3/s) or 18% of 45,000 cfs (1,270 m3/s)

For comparison, the indirectly determined peak is plotted in Fig. 7 as

close as possible to the computed peak time at station 7100.
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Figure 7.--Computed discharge hydrographs at selected stations

dam break.
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It is conceivable that the computed discharge at the breach (station
2300) is less accurate than those at the other stations becapse the flow
flﬁctuaied‘as it passed through the rapid contraction a;é’expansionvat
the breach. This is seen in the oscillating discharge hyar;graph; In
view of the fact that the area under the discharge hydrograph at station
2300 appears to be smallér than those at the other stations, it may be
adjuéﬁed by extending smoothly the receding limb of the hydrograph to
the peak, as shown.py a dotted line in Fig. 7. Two envelopes are drawn
as broken lines iﬁ Fig. 7 to indicate the upper and lower limits of the
probable error in the computed peak discharge along Laurel Run. An
inspection of Fig. 7 reveals that the difference between the upper and-
lower envelopes is approximately constant, about 3,000 cfs (85 m3/s){
throughout the entire time span of the flood movement. Because 3,000
cfs (85 m3/s) is larger than the combined discharges of both tributary
inflows ffom the Red Run and the Wildcat Run during the passage of the
dam-break flood wave, an accurate account ofAeffect of any>of the
tributary.inflows on the shape .of the discharge hydrographs cannot be
made:—

Discharge hydrographs downstream of station 7100 show only minor

changes in shape. This result indicates that little of the flood wave

went into temporary storage beyond this location.
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SUMMARY AND CONCLUSIONS

A one-dimensional dam-break flood routing model has been develoéed
on the basis of an explicit scheme of the characteristié;“method with
specified time intervals and applied the Rankine-Hugoniot shock eéuations
to tracing one characteristic backwards to the known'stéte for the solution
of the advancing ;hock front. To overcome the computational difficulty
at tﬁe narrow dam breach and at any geomorphological constraints whg;e
channel geometry c?anges rapidly, the model has been further arranged and
simplified by int}oducing the "storage width" in the equation of continuity
and the conceptual "conveyance width" in the equation of motion: This -
concept is analogous to overbank storage on streams-with large flood
plains and conveyance in the main channel. The flood wave resulting from
the’ failure of Laurel Run Reservoir Dam has been successfully reconstructed
by using the model and then compared with available field datas

Close agreement between observed and computed peak stages strongly
suggests that the model is valid for routing.the dam-break flood wave in
the nonprismatic channel.- Small fluctuations appearing in the computed. .
stage and discharge hydrographs at the dam site as well as discrepancy of
attenuated peaks in the discharge hydrographs indicate the need of further
improvements in the model, especially with regard to the more accurate
selection of a (i.e., the ratio of the conveyance width to the storage
~width) values in channel reaches in‘the vicinity of rapid contractions

and expansions.
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APPENDIX II.--NOTATION

Th? following symbols are used in this paper: - -

A = flow cross-sectional area of conveyance component;

Ai = rate of change of the cross-sectional aréa of conveyénce
componént with reépect to x, with h held conséant;

As . = total cross-sectional area of flow including the storage .
component and the conveyance component;

Asﬁ - = rate of change of the total cross-sectional area with
respect to x, with h held constant;

Al, A2 = conjugate cross-sectional areas of flow in back (upstream)
and front (downstream) of the shock or discontinuity,
respectively;

c ; /55 = celerity;

D = A/T = hydraulic depth of flow in the conveyance component;

D = AS/TS = total hydraulic depth of flow;

F = Froude number;

f = Darcy-Weisbach friction coefficient;

g = gravitational acceleration;

h = depth of flow;

hl' hz = conjugate depths in back (upstream) and front (downstream)
of the shock or discontinuity, respectively;

Ei, Eé = depths of the centroids of Al and Az, respectively;

ho (x) = initial depth;

k = eguivalent roughness size of stream bed;

L= Xog1 ~ ¥ T length of main-channel reach over which a tributary

flow enters the main channel;
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Manning friction coefficient;

initial flow discharge at the time of ?am break;
tributary flow discharge;

upstgeam inflow discharge;

lateral inflow (tributary) discharge per unit length
of main channel;

hydraulic radius;

friction slope;

channel slope;

imaginary conveyance width (i.e., top-width of main -
stream) ;

storage width (i.e., top wid?h of main stream plus
offstream storage);

rate of change of the storage width with respect té

x, with h held constant;

rate of change of the conveyance width with respect to
;, with- h held constant;

time;

time coordinate of the j—th‘time step;

average velocity of flow over the conveyance cross section;
conjugate average velocities of flow in back (upstream)
and front (downstream) of the shock or discontinuity,
respectively;

initial velocity;

distance from the upstream end of the reservoir;
location of the dam;

distance coordinate of the i-th grid point;
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location of the shock or discéntinuity;
ratio of conveyance width to storage widthj
momentum correction factor for the velocity distribution
of flow over the cross section;

integration variable for time; and

propagation velocity of the shock or discontinuity.
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